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Potassium (K) channels constitute a diverse group of mem-
brane proteins that facilitate the passive movement (driven by the
electrochemical gradient for K) of K across cell membranes.
One or more type of K channel can be detected in virtually all
mammalian cells. There are extensive data on the kinetic proper-
ties and the physiology of K channels in kidney. More recently,
the initial molecular characterization of some types of renal K
channels has been reported. This paper will briefly review the
potential physiologic role and the molecular biology of two types
of renal K channels, namely those that are regulated by voltage
and those that are regulated by cyclic nucleotide.
Voltage-gated renal K channels
Physiology of K
Potassium channels that open or close in response to changes in
membrane voltage are called voltage-gated K (Ky) channels. A
subclass of K channels also require calcium for activation (maxi
K channels). Detailed kinetic analyses of K channels indicate
that they constitute a heterogeneous class of transporters with
differences in single channel conductance, in threshold for activa-
tion by voltage, in the kinetics of inactivation and in inhibitor
profile. K channels have been studied most extensively in excit-
able cells where they participate in diverse cellular function such
as action potential and pacemaker activity [11. More recently, it
has been appreciated that K channels may play a crucial role in
the regulation of vascular smooth muscle contraction and there-
fore, peripheral vascular resistance and blood pressure [2—41. In
contrast, there are only few reports of K currents in epithelial
cells (eye and type II pneumocytes) [5, 61, and until recently, K
channels had not been detected in renal epithelia.
The primary physiological role of K channels in epithelial cell
is uncertain for the following reasons. Most iç channels have an
activation threshold that is > —50 mV and open only when the
cell membrane depolarizes beyond —50 mV. Such channels would
remain closed in epithelial cells since the resting membrane
potential of these cells remains between —60 and —90 mV under
physiological conditions.
It is possible, however, that epithelial cells of the cortical
collecting duct and of the renal medulla undergo changes in
membrane potential substantial enough to activate Ic. In the
collecting duct, transport of significant amount of Na into the
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cell via the apical, amiloride-sensitive sodium channel would be
expected to depolarize the membrane. In addition, sustained K
secretion in the lumen will increase extracellular K concentra-
tion and cause the cell membrane to depolarize. Voltage and
calcium-gated K (maxi K) channels have been detected in
rabbit cortical collecting duct [71. They were initially thought to
contribute significantly to K secretion in the distal tubule, but it
appears that under physiologic conditions these channels do not
open very frequently and could not account for the observed rate
of K efflux.
In the inner medulla, extracellular K can reach levels greater
than 40 mivi as a result of K being trapped in the tubule by the
well documented process of K recycling [81. The resting mem-
brane potential is close to the reversal potential for K (—90 mV)
since K channels constitute the major ionic pathway of unstimu-
lated cells. Therefore, increasing extracellular K from 4 to 30 mM
will cause the resting membrane potential to change from approx-
imately —90 mV to —30 mV. This degree of depolarization would
be sufficient to activate many iç channels since their threshold for
activation is usually > —50 mV.
Recently, the first functional evidence of iç expression in the
renal medulla was provided by Volk et al [1 They found that in
the rabbit papillary epithelial cell line GRB-PAP1, the predomi-
nant conductance was a slowly inactivating, time and voltage-
dependent K current. The current activated at potential less
negative than —30 mV; it was inhibited by barium, tetra ethyl
ammonium (TEA) and 4-amino pyridine (4-AP). The kinetics
characteristics and inhibitor profile of this K channel are very
similar to those of the voltage-gated K channel proteins belong-
ing to the Shaker superfamily. Indeed, The authors also provided
preliminary molecular evidence for expression of a Shaker-like
gene in these cells. These results corroborate previous work (to be
discussed in more detail in the next section) carried out in our
laboratory indicating that several Shaker-related K channel
genes are expressed in rabbit kidney.
Molecular biology of K
Shaker
It is beyond the scope of this paper to provide a comprehensive
review of the molecular biology Shaker K channels. For that, the
interested reader is referred to the recent review by Chandy and
Gutman [101. A gene family, discovered in Drosophila mutants six
years ago and referred to as Shaker, encodes voltage-gated K
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channels in vertebrates, insects and mollusks [11—20]. Most Shak-
er-related genes discovered to date arose from a common ances-
tor and fall into four well defined subfamilies (Shaker, Shab, Shaw
and Shal) [21, 22]. The subfamilies are further subdivided: Shaker
-Kvl.1 to 6; Shab-Kv2.1 to 2 and Kv5.1; Shaw -Kv3.1 to 4;
Shal-Kv4.1 to 2 and Kv6.1 [23]. The deduced primary structure of
the proteins indicate that they all contain six hydrophobic trans-
Fig. 1. Proposed secondary structure of voltage
and cyclic nucleotide-gated K channels. (A)
Voltage-activated K channel. Prototypic
mammalian Shaker protein. S1-S6 denotes
putative transmembrane segments. S4 is the
voltage sensor. Binding sites for channels
blockers are indicated. The pore region is
located between S5 and S6. The amino
terminus is involved in channel inactivation.
Phosphotylation sites for protein kinase A
(PKA) and C (PKC) are shown. (B) Calcium
and voltage activated K channel. The
membrane topology of Sb is similar to that of
Shaker, but overall amino acid identity is less
than 20%. (C) cAMP-gated K channel.
Membrane topology also similar to that of
Shaker. Amino acid identity is greater with non-
selective cation channels than with Shaker. (D)
cGMP-gated K channel. Ken has same
membrane topology as Shaker. Amino acid
identity with Shaker proteins ranges from 20 to
45%. It does not fit in the currently recognized
Shaker subfamilies (Kvl to 4.)
membrane segments (Si to S6) (Fig. 1A) in addition to a pore
region that traverses the plasma membrane twice. The fourth
segment (S4) is an arginine-rich amphipathic helix that represents
the voltage sensor. This segment consists of a repeated motif of a
positively charged amino acid, arginine or lysine, followed by two
hydrophobic residues. It is homologous to that found in the
sodium and the dihydropyridine-sensitive calcium channels [22].
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Structure-function relationships of Shaker proteins are being
studied in great detail in naturally occurring isoforms and in
mutants obtained by site-directed mutagenesis. It is clear that the
S4 segment plays an important role in sensing the change in
membrane voltage [24—27]. Regions involved in channel inactiva-
tion have been identified [28, 29]. Part of the pore of the channel
is located between the 5th and 6th transmembrane segments
[30—331. This is also the region that binds the channel blockers
TEA and charybdotoxin [34, 351. Shaker channel activity is not
only regulated by changes in membrane voltage but also by PKC
dependent phosphorylation [36], serotonin, acetylcholine [32],
and endothelin [20]. The great diversity of K currents detectable
in cells can be explained by the large number of different Shaker
proteins and by the fact that some native iç channels are
heteromultimers.
We recently cloned several K channels isoforms from rabbit
kidney and from two renal epithelial cell lines, LLC-PK1 (pig
proximal tubule) [37] using the polymerase chain reaction (PCR).
There are at least six Shaker isoforms expressed in rabbit kidney
and each isoform is encoded by a different gene. One of them,
KC22, encodes a novel K channel protein that is easily detected
in rabbit kidney and in primary cell cultures of rabbit distal tubule
[38]. We have proposed that KC22 may be involved in distal
tubule transepithelial K transport. M1-CCD cells, derived from
microdissected cortical collecting ducts of SV4O transgenic mice,
express Shaker isoforms which are aldosterone-regulated [39].
SLOW
In Drosophila, mutations in the sb locus can alter or even
completely eliminate maxi K currents. The mutation was mapped
and the gene was recently cloned [40]. It encodes a protein with a
membrane topology similar to Shaker channels: six transmem-
brane segments, a well conserved pore region and an S4 domain
(Fig. 1B). In addition, it contains consensus phosphorylation sites
for PKA and PKC, a potential ATP-binding site and a calcium-
binding loop. Overall homology with Shaker proteins is about that
20%, indicating that this channel belongs to a related but distinct
family of K channel proteins. Expression studies show that the sb
protein form large conductance voltage-and calcium activated K
(maxi K) channels [41]. It is not yet known if renal maxi K
channels are similar to sb.
IsK
The gene encoding a 17 kD protein (contains a single trans-
membrane domain) that is exclusively located on the luminal
membrane of proximal tubule cells [42] was isolated in 1988 by
Takumi, Ohkubo and Nakanishi [43] using the method of expres-
sion cloning. They argued that this protein IsK represented a new
type of slowly activating voltage-gated K channel. Recent work
indicates, however, that Isk may not form a channel, and that it
may instead activate pre-existing K and Cl — channels [44]
Cyclic nucleotide-gated renal K channels (K)
Physiology of K,
The activity of cyclic nucleotide-gated K channels is regulated
by changes in intracellular cGMP and/or cAMP. By analogy with
the non-selective cyclic nucleotide-regulated cation channels [45—
47], a K channel should be included in that category only if its
contains functional binding sites for cyclic nucleotides.
may play a role in transepithelial transport. Indeed, a
voltage-gated cAMP regulated K channel was detected by patch
clamping in A6 cells, an amphibian kidney cell line [48]. Channel
activity was only seen in cells treated with aldosterone. A cGMP-
gated K channel has not yet been described in epithelial cells
although mesangial and LLC-PK1 cells (pig kidney proximal
tubule) produce significant amounts of cGMP [49]. Light et al
have characterized a non-selective-cation channel that is inhibited
by cGMP in the inner medullary collecting duct [50].
It is possible that intracellular production of cGMP in mesang-
ial cell (derived from smooth muscle) could regulate their con-
tractile state and affect the glomerular filtration rate by modulat-
ing K activity. Indeed, in some vascular beds, smooth muscle
relaxation correlates with membrane hyperpolarization that is
mediated in part by K channels [5 1—53].
Molecular biology of
Cyclic AMP-gated K channel
Mutations in the ether a go-go (eag) locus alter K currents in
Drosophila [54]. The eag gene was cloned and found to encode a
membrane protein distantly related to Shaker and to the cyclic
nucleotide-gated nonselective cation channels (Fig. 1C) [55].
When expressed in Xenopus oocytes, the eag protein forms K
and Ca2 permeable channels that are directly activated by cAMP
but not cGMP [56]. It is not yet known if the eag gene is expressed
in the kidney.
Cyclic GMP-gated K channel
Since the molecular structure of cGMP-gated K channels was
previously unknown we hypothesized that they might share struc-
tural motifs with both Shaker K channels and cyclic nucleotide-
gated cation channels. We screened a genomic rabbit library with
a Shaker probe and a probe specific for cyclic nucleotide binding
sites and isolated a gene encoding a novel protein (Kcn) that
represents a cGMP-activated K channel [57]. This protein has six
transmembrane segments, a voltage sensor (S4), a pore region
and a cyclic nucleotide binding region (Fig. 1D). The regulation of
channel function is likely to be complex since Kcn is not only
activated by cGMP but also contains several putative phosphory-
lation sites for PKA and PKC and one for cGMP-dependent
protein kinase. Furthermore, gene expression may be modulated
by steroid hormones. This channel is expressed in kidney (tubules,
glomeruli and arteries) and heart. We postulate that it may
participate in transepithelial K transport, in the regulation of
arterial tone. It may also modulate mesangial cell contractility and
therefore GFR.
Conclusions
In the past six years our understanding of the molecular biology
of potassium channels has grown tremendously. Some of the most
extensively studied K channels are those that are voltage-gated
(Ic). Although the physiological importance of Ic channels may
not be immediately obvious in kidney epithelia, it is clear that
several these genes are expressed in kidney and that Ic may play
a role in K secretion in the cortical collecting duct and in K
recycling in the inner medulla. Most recently the structure of
cAMP and cGMP gated K channels has been described. These
channels may participate not only in transepithelial K transport
but also in the regulation of vascular tone, and therefore modulate
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GFR and blood pressure. Much work remains to be done to
integrate our rapidly expanding knowledge of the molecular
structures of these K4- channels with the physiological data
already available. It is also hoped that in some instances, the
discovery of new molecular structures will expand the existing
physiological framework and will lead to the development of new
therapeutic agents.
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